INTRODUCTION {#s1}
============

The lower leg muscles play many roles beyond simple movement of the ankle, such as assisting in posture control[@r1], [@r2]^)^ and gait[@r3], [@r4]^)^. Decline in the strength of the lower leg muscles due to limited exercise or reduced activity needs to be prevented. In order to prevent inactivity such as after surgery, inpatients are often advised to assume a sitting position that can hold easily with little risk of falling during the day. In addition, stretching a muscle increases its length and inhibits disuse muscle atrophy[@r5]^)^. Passive positioning of the legs' position can be performed without assistance. Thus, using times when a patient is sitting during the day to adjust the position of the ankle is an effective use of time outside of physical therapy sessions, and can maintain the strength of the lower leg muscles.

Few previous studies on stretching of the lower leg muscles while in a sitting position have reported information on the morphology of the lower leg muscles. One study reported that inhibition of muscle atrophy as a result of stretching differs along the longitudinal axis of a muscle[@r5]^)^. The load due to stretching may differ along the longitudinal axis of a muscle. Implementing other interventions at sites that show little morphological change upon stretching may better inhibit a decline in muscle output. However, the exact locations of morphological changes resulting from a stretch stimulus under the force of gravity, together with the extents of those changes, remain unclear. Therefore, it is necessary to investigate the basic morphological information of the muscle to the stretch stimulus at the anti-gravitational position.

Ultrasonography is available as a method for obtaining morphological information about a muscle in a sitting position, but cannot provide information on the whole muscle. Magnetic resonance imaging (MRI) offers accurate 3-dimensional morphological data over wide areas, but can only be performed in limited body positions. There have been many MRI studies on the morphology of the lower leg muscles in the decubitus position[@r6],[@r7],[@r8]^)^, but no study in the sitting position. Recently, Gravity MRI with a 0.4-T permanent magnet (Gravity MRI)[@r9]^)^ was developed and put into practical use by co-researchers. Gravity MRI can be performed in any body position, allowing for the acquisition of morphological data in anti-gravity limb positions. Using this method, the lower leg muscle morphology over a wide area can be evaluated in the sitting position.

The purpose of this study was to obtain basic information on the morphological changes of lower leg muscle depending on shortening or stretching, and to clarify whether the morphological changes occur equally in the longitudinal direction of the muscle while sitting.

PARTICIPANTS AND METHODS {#s2}
========================

The participants were fifteen healthy young females with no complaints of pain affecting daily life. Mean (± standard deviation) age, height, and weight were 21.0 ± 1.0 years, 160.4 ± 3.8 cm, and 52.4 ± 7.3 kg, respectively. None of the participants had a history of orthopedic problems of the legs or vertebrae. Considering the relationship between the length of the lower leg and the length of the imaging coil for MRI, and that the muscle belly of is more readily evident in females, participants in the current study were female.

The protocol for this study was approved by the Ethics Committee of our university (approval number: 687). Written informed consent was obtained from all participants.

Each participant on a chair with their arms crossed on their chest, knee flexion at 90°, and their lower legs perpendicular to the floor. The chair had a backrest and no elbow rest. Images were randomly acquired in 3 positions: the neutral position between dorsi- and plantarflexion, 20° of dorsiflexion, and 20° of plantarflexion. The lower limb was placed on a handmade tilt table to set the position of the ankle joint. The seat height was adjusted by putting a plate on the chair to make the knee flexion 90° for each ankle position. The thighs were fixed with cushions and bands, and the participants were instructed to remain motionless as much as possible during the measurement. Using Gravity MRI (Hitachi Healthcare), horizontal T1-weighted images were obtained from the fibular head to 290 mm distal at 10 mm intervals. The imaging parameters were as follows: slice plane axial, pulse sequence RF-spoiled steady state gradient echo, field of view 280 mm, repetition time 110.0 ms, echo time 8.6 ms, flip angle 35 degrees, slice thickness 10.0 mm, slice interval 10.0 mm, matrix size 256 × 256, number of signals averaged=2, receiver bandwidth 20.6 kHz, and scan time 4 min 32 s.

The anatomical muscle cross-sectional areas (MCSA) of the soleus (SOL), and gastrocnemius medial head (GM), gastrocnemius lateral head (GL), anterior tibial tuberosity (TA) were measured using the Image J image analysis program. In the measurement, the ankle position was blinded in order to avoid the detection bias. All statistical analyses were carried out using SPSS ver.19 (Japan IBM). Values of p\<0.05 were considered significant. For comparison of MCSA at each position, 5 points---endmost muscle belly, most proximal and most distal, and 1/4 proximal, middle, and 1/4 distal---were extracted for each muscle, and repeated-measures analysis of variance was performed on each point. The Bonferroni multiple comparison was used for post-hoc tests. To extract the maximum MCSA value, repeated-measures analysis of variance and the Bonferroni multiple comparison were again used. All data are expressed as mean ± SD (standard deviation).

RESULTS {#s3}
=======

In [Table 1](#tbl_001){ref-type="table"}Table 1.Comparison of the muscle cross-sectional area (MCSA) values for each muscle at different ankle joint positionsAnkle joint positionMCSA of most proximal region (cm^2^)MCSA of 1/4 proximal region (cm^2^)MCSA of middle region (cm^2^)MCSA of 1/4 distal region (cm^2^)MCSA of most distal region (cm^2^)SOLNeutral0.19 ± 0.3110.48 ± 2.84\*‡20.27 ± 4.4811.70 ± 3.18\*‡1.89 ± 1.36\*Dorsal flexion0.35 ± 0.3710.16 ± 2.5120.08 ± 4.8911.76 ± 3.442.13 ± 1.51Plantar flexion0.65 ± 0.5312.32 ± 3.4620.54 ± 5.0010.22 ± 3.171.44 ± 0.96GMNeutral3.13 ± 1.609.05 ± 2.0212.71 ± 3.584.65 ± 2.84\*†0.15 ± 0.28Dorsal flexion2.85 ± 1.148.73 ± 1.8212.59 ± 3.365.31 ± 2.950.31 ± 0.64Plantar flexion2.98 ± 1.378.84 ± 2.2313.02 ± 3.754.03 ± 2.510.02 ± 0.09GLNeutral1.18 ± 0.374.33 ± 1.016.38 ± 1.694.11 ± 1.95\*‡0.44 ± 0.46Dorsal flexion1.04 ± 0.524.00 ± 1.086.45 ± 1.814.31 ± 1.840.50 ± 0.46Plantar flexion0.94 ± 0.524.41 ± 0.996.60 ± 1.992.93 ± 1.740.07 ± 0.18TANeutral0.16 ± 0.164.54 ± 0.16\*†5.89 ± 1.231.85 ± 0.54\*0.14 ± 0.11Dorsal flexion0.15 ± 0.195.31 ± 0.335.75 ± 0.981.65 ± 0.590.19 ± 0.18Plantar flexion0.18 ± 0.204.64 ± 0.235.69 ± 1.162.02 ± 0.620.17 ± 0.09\*Significant difference in MCSA between dorsal flexion and plantar flexion (p\<0.05).†Significant difference in MCSA between neutral and dorsal flexion (p\<0.05).‡Significant difference in MCSA between neutral and plantar flexion (p\<0.05).SOL: soleus; GM: gastrocnemius medial head; GL: gastrocnemius lateral head; TA: anterior tibial tuberosity., the SOL MCSA of most proximal and middle muscle belly showed no significant difference at each ankle position. SOL MCSA of 1/4 proximal muscle belly was significantly greater for plantarflexion than for neutral and dorsiflexion. In contrast, SOL MCSA of distal 1/4 muscle belly was significantly greater for dorsiflexion and neutral than for plantarflexion.

For GM MCSA, the 1/4 distal muscle belly was significantly greater for dorsiflexion than for neutral and plantarflexion, but not significantly different in other parts.

GL MCSA at 1/4 distal was significantly greater only for dorsiflexion and neutral compared to plantarflexion.

TA proximal, middle and most distal muscle belly MCSA values were not significantly different among ankle positions. TA MCSA at 1/4 proximal muscle belly was significantly greater for dorsiflexion than for neutral and plantarflexion. In contrast, TA MCSA at 1/4 distal muscle belly was significantly greater for plantarflexion than for dorsiflexion.

Comparisons of the maximum MCSA values for each muscle ([Table 2](#tbl_002){ref-type="table"}Table 2.Comparison of the maximum muscle cros-sectional area (MCSA) values for each muscleMCSA of neutral position (cm^2^)MCSA of dorsal flexion position (cm^2^)MCSA of plantar flexion position (cm^2^)SOL21.20 ± 4.3621.04 ± 4.3921.52 ± 4.80GM13.14 ± 3.5712.82 ± 3.4313.40 ± 3.60\*†GL6.91 ± 1.646.89 ± 1.667.42 ± 1.72\*†TA7.28 ± 1.117.54 ± 1.137.24 ± 1.10\*‡\*Significant difference in MCSA between dorsal flexion and plantar flexion (p\<0.05).†Significant difference in MCSA between neutral and dorsal flexion (p\<0.05).‡Significant difference in MCSA between neutral and plantar flexion (p\<0.05).SOL: soleus; GM: gastrocnemius medial head; GL: gastrocnemius lateral head; TA: anterior tibial tuberosity.) showed no significant difference in the SOL, but in the TA they were significantly greater for neutral and dorsiflexion than for plantarflexion. In both GM and GL, the maximum MCSA was significantly greater for neutral and plantarflexion than for dorsiflexion.

DISCUSSION {#s4}
==========

Kumagai et al.[@r10]^)^ compared the muscle thickness in each part of the body between the decubitus and standing positions using ultrasonography, and reported a significantly thinner muscle in the decubitus position than in the standing position. As this difference is associated with muscle compression due to gravity and the ground reaction force, there is a possibility that the muscle mass is underestimated by measurement in the resting decubitus position. Therefore, data on changes in lower leg muscle morphology provide more accurate morphological information that accounts for the effects of gravity when stretching is performed in a sitting position.

In this study, when the neutral position was compared with the dorsal/plantar flexion positions, MCSA in the distal quarter of the SOL, GM, and GL muscles as ankle plantar flexors were greater in the lengthened position than in the shortened position. The MCSA in the proximal quarter of the SOL was greater in the shortened position than in the lengthened position. In contrast, the MCSA in the proximal quarter of the TA as an ankle dorsiflexor was smaller in the neutral position than in dorsiflexion. Based on these findings, it was suggested that both the ankle dorsiflexors and plantar flexors change in morphology with changes in ankle position. Differences in MCSA tended to occur in both the proximal and distal quarters, compared with the ends or middle regions of the muscles. In the lengthened position, the muscle belly moved distally, resulting in distal movement of regions with a large MCSA. In the shortened position, the muscle belly moved proximally, resulting in proximal movement of regions with a large MCSA, and differences tended to occur in a quarter of the muscle belly. In the middle region, which was closer to the largest muscle belly site in both the lengthened and shortened positions, there were slight differences among the ankle positions. Moreover, differences were minimal at the ends of the muscles, because of the extremely small MCSA values.

The results of comparison between the plantar and dorsal flexion positions were similar to those between the neutral and dorsal/plantar flexion positions. In the proximal region, the MCSA of the SOL was larger in plantar flexion than in dorsal flexion. In the distal region, the MCSAs of the SOL, GM, and GL were smaller in plantar flexion than in dorsal flexion. In contrast, the MCSA of TA was smaller in plantar flexion than in dorsal flexion in the proximal region, but larger in plantar flexion than in dorsal flexion in the distal region. The larger MCSA in the lengthened position in the distal region suggests that longitudinal muscle lengthening resulted in a general decrease in MCSA and distal movement, as well as longitudinal lengthening of the entire muscle belly. A comparison of ankle position indicated that the MCSA differed by 10% or more at sites where significant differences were noted. Kinugasa et al.[@r11]^)^ stated that the cross-sectional area of a muscle decreased during stretching to maintain muscle volume. In this study, the changes in MCSA were less marked than those reported by Kinugasa et al. This is presumably because stretching was performed with the knee flexed in the current study, so differences in knee position affected the extent to which the gastrocnemius stretched. Regarding the SOL, the maximum value did not differ between ankle positions, suggesting that the stretch load was applied to the entire muscle belly locally rather than uniformly. Even in the same muscle, the muscle fiber type[@r12], [@r13]^)^, pennation angle[@r14]^)^, and tissue structures, such as the capillaries[@r15]^)^, were reported to differ among sites along the longitudinal axis, resulting in longitudinal differences in the severity of muscle atrophy[@r16]^)^ and the effects of interventions[@r17]^)^. Kimura et al.[@r5]^)^ noted more marked inhibitory effects of muscle stretching on the disused SOL in the proximal region, indicating that this region is more markedly affected by mechanical stimuli for structural reasons. In addition, Cè et al.[@r18]^)^ reported the presence of aponeuroses and connective tissue in the distal region of the lower leg muscles, and only slight morphological changes with muscle stretching. However, in the present study, the degree of longitudinal movement of each region of the same muscle was not evaluated, and such measurement and evaluation will be necessary in future research. Concerning the other limitations of this study, as the activities of the lower leg muscles were not evaluated, the degree of influence of muscle contraction was unclear. In addition, the muscle belly was within the measurement interval in some participants but not others, and the entire muscle could not be evaluated. Hedayatpour et al.[@r19]^)^ reported that non-uniform effects of exercise in the longitudinal direction of the skeletal muscle result in muscle output imbalance, which changes joint load distribution, increasing the risk of injury. When implementing an intervention to prevent muscle atrophy, the MCSA may need to be kept equal along its longitudinal axis. In a study involving rats, Miyachi et al.[@r20]^)^ reported that differences in more proximal atrophy due to inactivity decreased along the longitudinal axis of a muscle as a result of heat stress and stretching. The results of this study suggested that stretching causes differences in the load placed upon sites along the longitudinal axis of a muscle in humans.

For the prevention and inhibition of muscle atrophy and in interventions for muscle hypertrophy, regions along the longitudinal axis of the muscle should therefore be considered. Future intervention methods based on the morphological changes of a muscle along its longitudinal axis with adjustments in joint position are needed. In addition to the muscle morphology, other elements such as blood flow should be analyzed.

In conclusion, this study is the first to evaluate changes in lower leg muscle morphology with changes in ankle position when sitting using MRI. At the sitting position, the morphological changes of lower leg muscle according to change of ankle joint position is not uniform in the longitudinal direction of the muscle. Therefore, it is necessary to develop an intervention considering the morphological change of the muscle in the longitudinal direction of the muscle for prevention and inhibition of muscle atrophy.
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